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Abstract

A high-precision Timeto-Digitd-Converter VLSI, TMC-
PHX1, was deve oped for the PHENIX drift chamber. The chip
contains 4 channelsof TDC with two stagesof databufferingand
one levd of trigger buffering required in very high rete
experiments. Inadditionto afixed datasize readout, the chip also
supports a zero-suppression mode readout.

The chip recordsboth rising and falling edgetimings, andhas
aleast timing count of 0.83 ng/bit and 1.66 ng/bit respectively.
A levd 1 buffer has arecordng depth of 6.8 psec and a readout
FIFO has a depth of 128 words. High precision timing was
derivedfrom an asymmetricring oscillator stabilizedwith aPLL.
The chip runs a 4 times faster dock (37.6 MHZ2) of the RHIC
bunch dock, and was fabricated with 0.5 um CMOS gate-array
technology.

|. INTRODUCTION

A high-precision and deed time less Timeto-Digitd
Converters (TDCs) arewidely required in recent high-energy ad
nudear physics expeiments. We have established a high-
resolution CMOS TDC technique with sdf-cdibrating Delay
Locked Loop (DLL) and Phase Locked Loop (PLL) circuits. We
devel oped severd custom TDC LSIs cdled Time Memory Cdl
(TMC) [1, 2, 3] and VME modules[4, 5]. After our circuit hed
proven its effectiveness, it triggered devdopments of similar
CMOS TDC circuits by many groups[6, 7, §].

The peformance of the TMC LSI is wel matched to the
requirements of the dift chamber readout of the PHENIX
expeiment & the RHIC accderator. However, the PHENIX
experiment is more demandng on two track separation and
multi-trigger capability to accommodate its very high rate anda
large multiplicity environment caused by the heavy ion
collisions. It also requireslonger buffer length andtwo stagesof
data buffering to reduce cost, power and the areafor thefrontend
electronics.

A new TMC chip, TMC-PHX1, was developed for the
PHENIX dift chamber readout based on the existing TMC
architecture. Sincethe TM C chipwasdesigned using agate-array
technology, modfication of the crcuit is rdaively easy. The
new chip contains4 channelsin a chip, andrecords both leading
and trailing edgetiming. Thechipimplements two levelsof data
buffering; a Leved 1 (L1) buffer and a readout FIFO. Trigger
information is dso buffered in trigger FIFO to diminate dead

time when multiple triggers occur in a short period. Shared data
for two or more triggered events are duplicated during a data
transfer from the L1 buffer to the readout FIFO.

The chiprunsat 4-timesfaster clock speed (37.6 MHZz) than
the RHIC bunch crossing frequency. Although the PHENIX
experiment uses only fixed-size data readout mode, the chip also
supports a zero-suppression readout mocde The chip was
fabricated in a 0.5 pm CMOS gaearay technology and
packaged in a 100-pin plastic QFP.

Il. SysteEm CONSIDERATION

The PHENIX online system is designed to be a fully
pipelined deedtime less system. The system basically runsat the
9.4 MHz beam crossing frequency, and some of the dectronics
runs at amultiple of the9.4 MHz. Thesystemis ableto reedout
dataat amaximum Level 1trigger rateof 25 kHz, andthetrigger
latency is 40 beam crossing (4.24 psec). Maximun hit rate of a
channd of the drift chamber is expected to be ~2.5 kHz.

The frontend dectronics must keep the data for the trigger
latency time, and buffer up to 5 Level 1-accepted eventswaiting
for readout. Sincethebeam crossingtime (106 ns) is shorter than
the maximum drift time (460 ns), shared dta in two or more
successive triggers must be duplicated to build an event.

To get double track separation better than 1.5 mm, the TDC
must have double pulse resolution of better than 30 ns.
Furthermore, to hdp patern recognition, traling edge timing
must be messured in addtion to the leadng edge timing
measurement. The DAQ system requires event deta to be
assembled into one datablock for post processing.

The specification of the TMC-PHX1 chip isshown in Table
1. Aninternal clockis generated fromaPLL circuit. Theinternal
clock frequency can beeither thesameor 4 times higher thanthe
externa clock.

The chip has alevel 1 buffer of 256 words (6.8 us =64 beam
crossing). Asdescribed above, the chip must storeup to 5 events.
Since datain the L1 buffer are moved to the readout FIFO right
dter receiving a trigger signd, 256 words are sufficient for
handling the5 eventsin thechip. Thedepth of the readout FIFO
is 128 wordswhich is also sufficient for keeping 5 events(each
event needs a header word and 20 data words).

Thetrigger FIFO is 8 words deep. Shared data areduplicated
during the deta transfer from the L1 buffer to the readout FIFO.
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Thus an entire event is reconstructed with header information.
When a readout occurs, an interna sequencer sends out heeder
information and channel data.

The chip records both leading and trailling edge timings. To
get good successive pul se resol ution, two encoders are provided
covering ahaf clock cycle(13 ns) each. The leading edgetiming
is dgitized in 0.83 ng/bit (300 ps rms resolution), and the
trailling edge timing (which does not require high-resolution) is
dgitized with 1.66 ng/bit precision. If both leadng and trailing
edge occur in the same half cycle, only the leading edgetiming is
stored.

Table 1. Specification of the TMC-PHX1 chip that runs at
37.6 MHz (4-times RHIC) clock

« Least Time Count 0.83 ns/bit (leading edge),

1.66 ng/bit (trailing edge)

300 ps rms (leading edge),

500 ps rms (trailing edge)
Single-end or Differential (clock and
channel input) / CMOSlevel (other
signals)

« Diff./Int. Linearity Error <0.1 LSB

« External Clock 10 - 40 MHz (x1 mode)

2.5 - 10 MHz (x4 mode)

4 channels
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Figure 1: Block diagram of the TMC-PHX1 chip.

* Level 1 Buffer

* Double Pulse Resolution

256 words (6.8 ps @37.6 MHz) deep
<14 ns

« Trigger FIFO 8 words deep
» Readout mode Synchronous or Asynchronous,
Zero Suppress mode (optional).
« Readout FIFO 128 words deep
« Supply Voltage 3.0~37V
* Technology 0.5 pm CMOS Sea-of-Gate Gate-Array
9 mmx 9 mm, 76 k gate used.
« Package 0.8 mm lead pitch, 100-pin plastic QFP
[11. CircuIT DESCRIPTION
A. Circuit Block

A Block diagram of the TMC-PHX 1 is shownin Figure 1 and
a photograph of thechip is shown in Figure 2. There are4 input
channelsin the chip. Each channel hasaTMC corecircuit, aPLL,
two encoders, a256-word dual-port memory (L 1 buffer) anda128
words readout FIFO.

Signd leves for timecriticd inputs (system dock and
channd inputs) is sdectable to be ether single-ended or
differential (AV,;,> 200mV, 1.4V <V i <2.4 V). Thereae
8 Control-and-Status Registers (CSRs) which can be accessed
through an 8-bit control bus.

To control variousoperations, 4 sequencersareimplemented;
awrite sequencer, atrigger sequencer, areadout sequencer andan

P LTS
Figure 2: Photograph of the TMC-PHX1 chip. Four small
rectangular areas at |eft side are the TMC core cells. Two large
rectangular aress arethe L1 buffers, each of which is sharedby two
channels. Four rectangular areas at center are the readout FIFOs.

output sequencer. These sequencers run a the internd dock
frequency except the output sequencer which runs at the speed of
an external signal.

B. Digitization and Data recording
In ech dock cyde, the input signd isdgitizedina TMC
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core circuit, thenthedigitized dataare storedin the L 1 buffer after
synchronization and encoding stagesasshownin Figure 3. Since
the outputs of the filp flops change a every 0.8 ns, the
synchronization stage, which delay the timing of half of bits, is
implemented [3] to latch the outputs stably.

The L1 buffer is madeof adua port memory and works asa
pseudo-FIFO. Write and read operation can be peformed a the
same time so that thereis no dead time for readout.

After receiving atrigger signal, the corresponding datasetis
moved from the L1 buffer to the readout FIFO.

Readout FIFO

. s

Level 1 Buffer

Read w=p]
Pointer

Wr_ite -
Pointer f

1st Encoder | | 2nd Encoder

|

B15 B16 B17 B18 B31 (BO)
Synchronization Latch

Input
Signal

TMC core
VGN
Phase
Freq. [ | Charge 4/\/\/\/—»—01
Clock——»| Detector || Pump Cvg;
7

Figure 3: Block diagram of the digitizer, encoders and data
recording sections.

C. TMC Core Circuit

The TMC core circuit consists of an asymmetric ring
oscillator, flip flops and asynchronization stage. Only this part
islaid out manually to achievehigh precisiontiming. Thecircuit
is dmost the same as tha used in the TMC-TEG3 chip [3].
Small modificationsin layout weredoneto get better differential
non-linearity. In addtion, a method to hdt the oscillation for
measuring quiescent current of the device was implemented.

The schematic of the asymmetric ring oscillator [9] and its
timing dagram are shown in Figure 4 (&) and Figure 4 (b)
respectivdy. Normdly a ring oscillaor is composed of odd
number of inverter stages. As shown in the timing dagram in
Figure 4 (b), the asymmetric ring oscillaor can generate 32
equaly spaced timings (Ttagp). Two switches (S1 and S2) ae
inserted in a dday control voltage (VGN) line to hdt the
oscillation. This eliminates an additional gate in theoscillation
loop, andkeepthe circuitin very orderly structurethat nicely fits
to the gate-array technology.
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Figure 4: (@) Schematic of the asymmetric ring oscillator, (b)
timing diagram of the ring oscillator.

Table 2. Data Encoding Scheme

TMC Encoded

Out Data Comment

43210

00000

End of Data

Data ERROR

T T T T T T T T T T T T T T T T [(8codes) [Trailing edge
0 0/01000 |between bit0and 2
0 0/01001 |between hit2and 4
0 0/01010 |between hit4and 6
01110 |between hit 12 and 14
between hit 14 and 16
T T T T T T T T T T T T T T T T [(i6codes Leading edge
10000 |between hitOand 1
10001 | between bit 1 and 2

10010 |between bit2and 3

- Ok X

0 e+ 011 x|11101
eee 001 x|11110
0 ««» 000 1|11111

between bit 13 and 14
between bit 14 and 15

0
0
0 between hit 15 and 16

X |oooOo--
Q|looo--

=don’t . (*) bit 0 of one cycle later.

D. Data Encoding

The32-hit output of the TMC is dividedinto two 17 bits data.
Not to miss thesignal transition at the boundary of encoders, 16
bits plus onenext bit is provided to the encoders. Each 17-bit data
is encoded into a 5-bit code as shown in Table 2.



For thecaseof a0 to 1 (leading edge) transitionin the 17 bits,
the first transition point is encoded into 16 different codes. Other
transitions after the first edge areignored. (see Table 1)

Inthecase of al1to O (trailing edge) transitionin the 17 bits,
only onetransition point is encodedinto 8 dfferent codes. For
wire chamber gpplications, the traling edge timing is much
worse than the rising edge timing. Therefore less number of
codes for the trailing edgetiming areassignedto reducedatasize.

In the remaining 8 codes, 5 codes are assigned to represent
"All 0", "All 1", “Header ID”, “End of Datd’ and “Data Error”
conditions, and 3 codes are not used.

E. Trigger and Readout

When atrigger signal is recaeivedby the chip, awritepointer
valueisloadedin to thetrigger FIFO. Thetrigger FIFO statusis
checked by the readout sequencer in eachclock cycle. If thetrigger
FIFO is not empty, a datatransfer cyde will stat. At first, the
reed pointer is set to thetrigger FIFO value minus offset value.
This offset corresponds to the trigger latency.

Then aheader word iswritten to the readout FIFO (seeFigure
5). Each channd gets a unique header word, so that there are 4
different header words. Finally, datapointedto by theread pointer
are pushed to the reedout FIFO. In the fixed data size mode, a
fixed number of datawords set in the Count Preset register are
moved Each data word is transferred in one dock cyde and
contains two 5-bit datawords (1st and 2nd encoder output).

If zero suppression modkeis sdected, only data which has a
transition-timing informationis transferredto the readout FIFO.
For each transition, both arecorded vad ue (fine time) and a read
pointer value (coarse time) are pushed to the readout FIFO.

There are two externd readout modes; asynchronous and
synchronous moce. In the asynchronous mode, timing is fully
controlled with externa input signas and the readout FIFO
absorb the timing difference.

In the synchronous mode, readout proceedssequentially from
channel 0 through channel 3 controlled by the output sequencer.
Thedatastreamin the synchronousmodeis al so shown in Figure
5. The timing is synchronous to an output cock signd.
Although the output dock signd can be dfferent from the
internd dock, same 37.6 MHz dock will be used for PHENIX
readout.

G. Control Registers

There are eight Control and Status Registers (CSRs) which
set/show the operating condtions. Bit assignments for the
registers are shown in Table 3. Brief description of theregisters
is given below.

CSRO : Offset Register. Theoffset valuestoredin thisregisteris
used to calculatethe read out position fromthetrigger FIFO data.
Conceptually, this correspondsto the trigger latency.

@ (b)
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ChO Datal 3 Header3 (Data Size)
Ch0 Data2 = ChO Datal(Fine T)
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Figure5: Contents of the readout FIFO and Output Data stream in
the synchronous readout mode. (a) Fixed data size mode, (b) Zero
Suppress mode.

CSR1 : Read Pointer Register. Read pointer is an 8-bit up-
counter storing an address of the read(write) port of the L1 buffer.
This register is automaticdly set to an event position when a
trigger is asserted.

CSR2 : Write-Pointer Register. Write pointer is an 8-bit up-
counter storing an address of the write port of the L1 buffer.
During messurement, this register vdue is automaticaly
incremented in each cycle.

CSR3 : Count-Preset Register. This register contans the
number of datawordsto be written to the readout FIFO.

CSR4 : Event Number Register. This 8 bits register keeps an
event number. The event number isa part of the header dataand
incremented on each trigger. In atest mode, this register isaso
used to count the PLL oscillation. After a prefixed time of PLL
free running, the content of the register is compared with an
expected value.

CSR5&6 : Miscdlaneous control. These registers contan
option, status, 5-bit Chip ID, and test hits.

CSRY7 : Test Data Register. Lower 5 hits of this register is
duplex and sdected by ENTDR hit. ENCHO~3 ae used to
enable/disable each channel. Other bits are used for chip test. The
test ceta register is usedto write and red test patterns to/from
internal memories.




Table 3 Bit assignment of CSR

bit | 7] 6 | 5| 4] 3] 2] 1] o0
CSRO Offset Register
CSR1 Read Pointer Register
CSR2 Write Pointer Register
CSR3 Count Preset Register
CSR4 Event Number Register
CSR5 | DPMER | OFIFUL | TFIFUL - | ZSUpPP ’ BYPFIFO‘ ENWPUP‘ ENTDR
CSR6 | sout SN SHIFT Chip 1D Register
E(l\i'lsDF;ZO SELH TCH1 TCHO ENOSC LENCHS ENCH2 | ENCH1 LENCHO
ENTDR=L]| T T 7 7 “Ted Daia Register
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Figure 6: Timeresolution measurement of the TMC-PHX1 at
37.6MHz. RMS value of the data is 305 ps which includes a
measurement error of ~100 ps.

‘ 100 ns ‘

L mm—
e Ty
RE*
e
EMPFLG i i i [
EVEND* L
CH 0 pEn I |
CH 1 ] I
DATA 0 T | T 1
DATA 1 ] 1]
DATA 2 [
DATA 3 [ W ml T
DATA 4 |

Header ChOData ChlData Ch2Data Ch3Data

Figure 7: An example of the synchronous readout timing. Preset
count is 5 words, the output clock (OCLK) is 37.6 MHz.

IV. Test REsULTS

All functions are confirmed to work in atest setup, and the
test results agreed with our simulation results. Result of atime
resolution measurementis shownin Figure 6. RM S valueof the
ditais 305 ps which indudes a messurement error of ~100 ps,
thus the timing resolution of the chip is less than 300 ps. An
exampl e of the synchronous readout timing is shown in Figure
7.

Thepower consumption of the chip dependson theinput rate,
trigger rate, and readout rate. Normally, the power consumption
is around 50 mW/channd and goes up to 100 mW/channd in a
very heavy trigger/input rate condition.

V. SUMMARY

A new timeto-dgitd conveter chip, TMC-PHX1, wes
designed and tested which is a modfied version of the TMC-
TEG3 chip. In addition to the same high peformance as of the
previous TMC chips, it hasafactor of two larger buffer depth and
addtiond readout FIFOs. Furthermore, it has a cgpability to
handle multiple triggers.

These extended capabilities will be very useful in high rate
experiment such as PHENIX.

V. ACKNOWLEDGMENTS

Wewish to thank to O. Umedg, |. Seka and T. Takada of
ToshibaCo. for their technical support. Wearealso grateful to C.
Pancake for his effortsto evaluate thechipand T.K.Ohskaand T.
Kondo for their continuing encouragement throughout this
work.

V1. REFERENCES
[1] TMC home page, “http://www-atlas.kek.jp/~araiy/".

[2] Y. Ara and T. Matsumuraand K. Endo; “A CMOS 4 ch x
1 k Time Memory LSI with 1 ns/bit Resolution”, IEEEJ.
of Solid-State Circuits, Vol.27, No.3, 1992, pp. 359-364.

[3] Y. Ara andM. Ikeno; “A TimeDigitizer CMOS Gate-Array
with a 250 ps Time Resolution”, IEEE J. of Solid-State
Circuits, Vol. 31, No. 2, 1996, pp. 212-220

[4] Y. Arai and M. Ikeno; “A 64-ch TimeMemory Cell Module
withaDSP andaVME Interface”, IEEE Trans. on Nucl. Sci.
Vol. 41, No. 4, 1994, pp. 1187-1191.

[5] H. Shirasu, Y. Arai, M. Ikeno, T. Murataand T. Emura; “A
VME 32 chPipeline TDC Modulewith TMC LSIs’, IEEE
Trans. onNucl. Sci. Val. 43, No. 3, 1996, pp. 1799-1803.

[6] J. Christiansen, et d.; “An Integrated 16 chaand CMOS
Timeto Digital Converter”, IEEE Trans. on Nucl. Sci., Vol.
41, No. 4, 1994, pp. 1104-1108.

[7] P.Andreani et d.; "MHITIC: 8-channds, 1-ns, multi-hit
time-to-digital converter CMOS integrated circuit", Proc. of
ESSCIRC '96, 1996, pp. 76-79.

[8] D. M. Santos, e d.; “A CMOS Dday Locked Loop and
Sub-Nanosecond Timeto-Digitd Converter Chip”, |IEEE
Trans. onNucl. Sci., Vol. 43, No. 3, 1994, pp. 1717-1719.

"Voltage-Controlled Oscillating Circuit* Patent No.
2663397 (Japan), No. 08/380,580 (USA), No. 95300652.5
(EPC).

(9



